The paper deals with the application of artificial neural networks (ANN) to tires' own frequency (OF) prediction depending on a tire construction. Experimental data of OF were obtained by electronic speckle pattern interferometry (ESPI). A very good conformity of both experimental and predicted data sets is presented here. The presented ANN method applied to ESPI experimental data can effectively help designers to optimize dimensions of tires from the point of view of their noise.
INTRODUCTION
TIRE IS DESIGNED to satisfy a number of functional requirements. The rubber structure must work reliably in a large spectrum of dynamic conditions -from static loadings to high frequency exciting of mechanical vibrations. From the viewpoint of mechanics there is a complicated dynamic system, where rubber material nonlinearities, as well as composite anisotropic structure, have to be taken into account. The performance requirements of the tire system cannot be adequately designed without knowledge of its real dynamic characteristics, where the experimental measurements are necessary. This holds also for the measurement of natural frequency modes/shapes and damping properties as well.
From the practical point of view the knowledge of natural tire frequencies gives the designers a chance to change the tire construction in such a way so that the driving comfort connected with tire noise is optimized [1] .
The non-contact and full-field measurement allows the calculation of the three-dimensional distribution of a displacement of the object under test as a response to a mechanical or thermal loading [2] . Electronic speckle pattern interferometry can serve as a tool of an easy determination of Poisson's ratio ν, Young's modulus E and shear modulus G from the measured resonant frequencies.
Subsequently, it is, for example, possible to make various computed models on the basis of the values determined by ESPI [2] , [3] . ESPI is an optical technique which enables interferometric measurements of surface displacements on almost any surface and material.
Work [4] presents the ESPI application for non-destructive measurement in situ displacement fields in micro-systems. A thermal vacuum chamber was designed to induce thermal treatments, including annealing. From the identification of the residual-stress-free state, they quantitatively modelled thermal strains/stress fields, relaxation stresses during annealing, and residual stress fields. Both electronic shearography and ESPI techniques are capable of detecting discontinuities, however, little or no attention has been paid to the determination of the severity or effect of such a discontinuity that might be acceptable. The same discontinuity would become a defect only if its size, position direction, and stress environment indicate a performance risk [5] .
Neural networks use a distributed parallel processing of the information during practicing of calculations, it means that information recording, processing and transferring are carried out by means of the whole neural network rather then by means of particular memory places. Learning is a basic and essential feature of neural networks. Knowledge is recorded especially through strength of linkages between particular neurons. Linkages between neurons leading to "correct answer" are strengthened and linkages leading to "wrong answer" are weakened by means of repeated exposure of examples describing the problem area. A complex of submitted examples creates a so called training set [6] . A capability to learn from examples and ability to describe well also non-linear dependences is a big advantage of neural networks. A disadvantage is the fact, that the size of error, which is strongly dependent on network parameters and on a training set data quality, cannot be generally estimated in advance. The design of a structure and parameters of the neural network are always connected with some experiences. The experience, intuition and experiments are also important for the optimization of the neural network. Neural networks, which are universal function approximators, especially Backpropagation type networks utilizing their learning (adaptation) Backpropagation algorithm, are suitable essentially for all types of predictions. This algorithm is suitable for multilayer feedforward network learning, which is created minimally by three layers of neurons: input, output and at least one inner (hidden) layer (Fig.1.) . Between two adjoining layers there is always the so called total connection of neurons, thus each neuron of the lower layer is connected to all neurons of the higher layer. Learning in the neural network is realized by setting the values of synaptic weights between neurons, biases or inclines of activation functions of neurons. The adaptation at networks with Backpropagation algorithm is called "supervised learning", when the neural network learns by a comparison of the actual and the required output. The algorithm tries to accomplish a minimal difference between required value and value on the network output by a gradual setting of synaptic weights [7] .
The rate of inaccuracy between predicted value of neural network output and actual value of object output represents a prediction error. In technical applications the error is mainly represented by the following parameters with obvious labelling: SSE, R-square, Adjusted R-Square, Root Mean Squared Error RMSE [8] .
In practice, the problems solved by neural networks are most often realized by means of a computer program. Each program unit dealing with the functioning of a neural network can be divided into several concurring parts. These parts correspond to the procedures that are used when working with neural networks. It is a synthesis of the neural network itself, the neural network determination, followed by the actual state when an algorithm solving the problem is designed thanks to the outcomes of the previous operations.
For a draft of measures for an improvement of the steelwork production quality neural networks can be successfully applied in such case, because they are especially suitable for an approximation of relations between various sensor-based data, particularly between unstructured data with a high degree of nonlinearity and a big scale of uncertainty [9] , [10] .
In this paper we present results of ESPI measurements of tires' OF depending on tire construction parameters as well as ANN application of ESPI data for OF and OA prediction depending on chosen tire construction parameters.
EXPERIMENTAL PROCEDURE
The experimental procedure of the ESPI technique is performed as follows. Tires are excited by a loudspeaker in radial and axial directions. First, a reference image is taken, after the specimen vibrates, then the second image is taken, and the reference image is subtracted by the image processing system. If the vibrating frequency is not the resonant frequency, only randomly distributed speckles are displayed and no fringe patterns will be shown. However, if the vibrating frequency is within the scope of the resonant frequency, stationary distinct fringe patterns will be observed. Then the function generator is carefully and slowly turned, the number of fringes will increase and the fringe pattern will become clearer, as the resonant frequency is being approached. The resonant frequencies and corresponding mode shapes can be determined at the same time, using the ESPI optical system presented in Fig.2 . and its schema (down).
ANN AND ESPI DATA ANALYSIS
In the first step, we tested the whole accessible spectrum of vibration modes, their frequencies in both radial (label R) and axial direction (label A). The results were obtained for the tire Matador MP 42 195/70 R14 91H (Table 1.). To study the dynamic changes of the OF mode spectrum on the same tire we have changed the tire inflation and investigated the changes registered in OF. The results for the first four modes are presented in Fig.3 . As expected, the mode frequency decreases with decreasing inflation for a tire excitation in radial direction. Qualitatively, we have obtained very close results at the axial excitation of the tire. Fig.4 . shows a real view on ESPI mode shape of the sixth mode generated at different inflations. To obtain the qualitative evaluation of the mode structure we use FEM to model tire vibrations in MARC software environment. The Mooney constants were used as material parameters and rubber plasticity model for big deformation was applied. The simulation was realized at following assumptions:
• Material properties are defined by Mooney constants.
• We considered the simulated tire without internal reinforcement (cords).
• The Rubber Plasticity Procedure with big deformations was used.
• For the calculation, we have used Marc Designer software.
Both experimental and simulation results are in very good qualitative harmony. FEM simulation was realized on a simple model of a tire without a rim, breakers and other parts of a real tire. Nevertheless, for quantitative match of the experiment and simulation results, it is necessary to know the details of the tire material composition and construction, which is very difficult to obtain because producers usually do not disclose this information. The shape of exited and simulated modes is presented in Fig.5 . After these experiments we tried to find experimental conditions for the appearance of OF pattern obtained by ESPI at real tire rotation on a testing machine. Fig.6 . shows the standing wave packets (right) obtained by the Aramis system (measured changes of a displacement) at the velocity of 210 km/h. The details of this test are visible in the bottom part of Fig.6 . In the next part of the contribution we present comparison of measured and predicted own frequencies of tires. An application that expects the tire parameters to serve as the input values was created as a sample of implementation. The parameters are the nominal width, profile number, rim diameter, load index and speed index. These parameters are used as input to the algorithm. The output is a predicted value of radial frequency and amplitude.
The acquired database for prediction of noise contained 83 cases. Due to the absence of values in case of some variables, the database had been modified and included only 69 cases. These facts were subsequently adjusted to a form suitable for the application of neural network. The whole database was divided into the data to be used for the network learning (training and validation set) and the data to be later used to check the prediction accuracy, i.e. the generalization ability of the neural network (test set). Artificial neural networks were subsequently designed and trained on the basis of the adjusted data. The best prediction results were achieved by a three-layer perceptron neural network of 5-11-2 topology (5 input neurons, 11 in the hidden layer and 2 outputs). Results are presented in graphic form in Fig.7. [11] . Further input parameters of neural network were enlarged. Radial static stiffness, circumferential static stiffness, lateral static stiffness, static torsional stiffness have been added as an input data.
In Fig. 8 dependences of radial frequency on stiffnesses defined above are presented. The results of this analysis show independency of the radial frequency on the static torsional stiffness (Fig. 8d) . In other presented cases the assumed dependence is decreasing. In Fig.9 . are dependences of radial amplitude versus the above mentioned stiffnesses. The results of this analysis show independency of the radial amplitude on the static torsional stiffness. These results were obtained for a tire with the width of 155mm, profile number 55, rim diameter 14 inches, load index 80, velocity index H. Results of the sensitivity analysis also clearly show the fact, that the used design influences neither radial frequency nor radial amplitude. Results for radial amplitude and frequency versus different tire profiles are shown in Fig.10 . All these results were obtained by application of an independent software packet developed for industry. Figs.11. present results of radial amplitude versus different rim diameter and tire width. Comparative statistical criteria for frequency prediction were as follows: SSE = 1265.871, RMS = 4.314, R 2 = 0.976. It is clearly seen very weak dependence of the radial frequency versus tire with for tires of 14 inches (Fig. 11.a.) . In last two cases (Figure 11b . and 11.c.) the same kind of dependences is more significant.
CONCLUSION
The variety of tire mode changes caused by changes in tire construction and inflation has been intensively studied by ESPI. Results are qualitatively comparable with those of FEM simulation.
The functional neuronal model was created for prediction of OF tire oscillations. The model is capable of providing satisfactory prediction of frequency of tires with a mean square error RMS = 4.314 Hz. The presented results and the experience acquired with applications of neural networks in material research show that their utilization in this area is very promising. Application of ANN in modal analysis of tires is a very useful tool for tire designers.
It has been shown that the optical ESPI method has the advantages of non-contact and full field tire measurements. Because ESPI uses video recording and display, it works in real time to measure dynamic displacement, which enables implementation of this technique for tire vibration measurements. 
